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INTRODUCTION 

The purpose of this note is to present the dose and dose 

equivalent outside a 200 g/cm2 iron shield which roughly cor- 

responds to the return legs plus copper of the 200 GeV synchro- 

tron magnets as well as for neutrons outside a 1500 g/cm2 soil 

shield. These results can then be used to determine the fraction 

of the total dose and dose equivalent detected by personnel 

neutron monitors. 

NEUTRON FLUX 

The neutron flux outside a thick shield was obtained from 

several different sources. Armstrong3 has calculated the neutron 

spectrum for a 200 GeV/c primary proton beam grazing an iron 

shield. A "straight ahead" approximation was used in which the 

radial part of the cascade was developed only for secondaries 

with energies of less than 3 GeV and scattering angle greater 

than three degrees. The leakage neutron spectrum outside 

220 g/cm2 (11 in) of iron is shown by the solid curve in 

e Operated by Universities Research Association Inc. Under Contract with the United States Atomic Energy Commission 
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Figure 1. The curve is normalized to a beam loss rate of 

1 proton/cm. 

K. O'Brien has also calculated the neutron spectrum 

outside a thick iron shield4. Neutron production in the 

accelerator structure is related to the flux through the 

shielding by matching boundary conditions. These arise 

from a straight ahead transport calculation5 and expansion 
6 of the angular neutron flux in Legendre polynomials . The 

spectrum outside a 220 g/cm2 iron shield is shown by the 

dashed curve in Figure 1. 

The neutron spectrum was also calculated using the 

nucleon-meson cascade computer code TRANSK7. For this cal- 

culation a straight ahead approximation is not necessary 

since the computer code directly follows the radial develop- 

ment of the cascade for all particles. The program is easily 

adaptable to a line source. However, the absolute normaliza- 

tion is difficult to achieve because of the small statistics 

at large radii. The results are still useful since they can 

be used to give the slope at the high energy portion of the 

spectrum. Thus, for our purposes the THANSK data were matched 

to the Armstrong spectrum at about 100 MeV and used exclusively 

for extropolating to 200 GeV (see Figure 1). Table I gives 

the flux in tabular form. 
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The same approach was used for the neutron flux outside 

a 1500 g/cm2 soil shield. The energy spectrum from a calcu- 

lation of K. O'Brien and TRANSK is shown in Figure 2, and 

tabulated in Table I. O'Brien approximates soil as a mixture 

of aluminum and hydrogen. Water concentration is related to 

the hydrogen density. TRANSK uses the actual elemental com- 

position but ignores the hydrogen content. 

FLUX TO DOSE CONVERSION FACTORS 

The flux to absorbed dose and flux to dose equivalent 

coefficients-vs-energy are shown in Figure 3a-c and listed in 

Table II. In all cases the values were taken at depths where 

the dose or dose equivalent reach their maximum values for 

normally incident neutrons. 

CALCULATIONS 

Given the flux and flux to dose conversion coefficients 

the absorbed dose (rad) and dose equivalent (rem) within any 

energy region are given by 
E2 

D = Absorbed Dose (rad) = 
I 

KD (El 0(E) dE (1) 
El 

I 

,F 2 
DE = Dose Equivalent (rem) = KDEjE) 0(E) dE (2) 

El 

where KD and KDE are the flux to absorbed dose and dose equiv- 

alent coefficients and Q, is the differential neutron flux. The 
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average absorbed 

any energy range 

CD> 

<DE> 

Since the energy ranges over many orders of magnitude, the 

dose and dose equivalent per neutron over 

is obtained by 

= 

E2 
KD(E) 0(E) dE 

El 

I 

E2 

(P(E) dE 
El 

(3) 

I E2 

KDE C’(E) dE 

= ‘E 1 

I 

E2 
(4) 

Q(E) dE 
El 

numerical integration was performed using the trapezoidal rule 

with logarithmic intervals. 

log1 oE2 
D = K(E) Q(E) E dlogloE(MeV) 

log1 oEl 

RESULTS 

Figures 4 and 5 show the differential absorbed dose and 

dose equivalent outside the 220 g/cm2 iron and 1500 g/cm2 soil 

respectively. The average values for these quantities over 

the entire energy range are: 

Fe: 

CD> = 6.71 x lo-' rad/neutron cmW2 set -1 

<DE> = 3.33 x lo-* rem/neutron cmW2 set -1 
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Soil: 

CD> = 9.14 x 10-g rad/neutron cmB2 set- ' 

<DE> = 4.87 x lo-* rem/neutron cmW2 set -1 

Figures 6 and 7 show the fraction of the total absorbed 

dose and dose equivalent for the iron and soil shields re- 

spectively. 

CONCLUSIONS 

These results may be used to evaluate the "efficiency" 

of personnel neutron film dosimeters. The neutron detection 

range for Kodak NTA film extends from approximately 1 to 15 MeV. 

Hence, these film dosimeters would record about one-tenth of 

the dose and one-fifth of the dose equivalent a person may 

receive outside a thick shield. 
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TABLE I 

Neutron flux emerging from 200 g/cm2 Fe and 1500 g/cm2 soil 

shield for one 200 GeV/c proton interacting per cm. 

Enerqy Neutrons. MeV-l. cmm2. set'! 

MeV Fe Soil 

1 .OOE-0.7 
l.SBE-07 
2*51E-07 
3.98E-07 
6.31E-07 
1 .OOE-06 
3.59E-06 
2*51E-06 
3.98E-06 
,6.31E-06 
1 .OOE-05 
1.59E-05 
2.51E-05 
3.98E-05 
6.32E-05 
1 .OOE-04 
1:59E-04 
2.51E-04 
3.99E-04 
6032E-04 
l.OOE-03 
19 59E-03 
2.52E-03 
3.99E-03 
6.32E-03 
1 l OOE-02 
1.59E-02 
2.526-02 
3.99E-02 
6 l 32E-02 
l.OOE-01 
1.59E-01 
2.52E-01 
3.99E-01 
6.32E-01 
1 .OOE+OO 
1.59E+00 
2.52E+OQ 
3.99E+00 
6.33E+OO 

9.58E+05 
S.BSE+OS 
3.58E+OS 
2018E+05 
1033E+05 
8.15E+04 
4098E+04 
3.04E+04 
1.86E+04 
1 l 14E+04 
6.94E+03 
4.24E+03 
2.59E+03 
1.58E+03 
9.66E+O2 
5.90E+02 
3.60E+02 
2.208+02 
1.35E+O2 
8.22E+Ol 
5~ 02E+ 0 1 
3.07E+Ol 
1*87E+Ol 
l.l4E+bl 
6.998+00 
-4.27E+OO 
2.61E+OO 
1059E+OO 
1.09E400 
8..24E-01 
6.23E-01 
4.70E-01‘ 
3.55E-01 
2.68E-01 
2*02E-01 
1.53E-0 1 
l.lSE-01 
ir* S?i&-02 
~.‘4qk-w@ 
5*434E-m 

1.74E-02 
l.llE-02 
7.12E-03 
4*55E-03 
2.9lE-03 
1.86E-03 
1 l 19E-03 
7.62E-04 
4.88E-04 
3.12E-04 
2.00E-04 
1.28E-04 
8.16E-05 
5.22E-05 
3.34E-05 
2.14E-05 
1 r37E-05 
8.75E-06 
5.59E-06 
3*58E-06 
2..298-06 
1.46E-06 
9.37E-07 
5.99E-07 
3.83E-07 
2.54E-07 
1065E-07 
l.l6E-07 
8.63E-08 
6.72E-08 
5.39E-08. 
4.4lE-q8 
3.63E-08 
2.988-08 
2.43E-08 
1.95E-08 
1 s53E-08 
l*lBE-08 
ai~$rE-09 
lC*!m-09 
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Energy 

MeV 

1*00E+,01 
1.59E+01 
2.52E+Ol’ 
3.99EtOl 
6.33E+Ol 
leOOE*02 
l.S9E+02 
2. S28+02 
3.99E+02 
6*338+02 
1 .OOE+03 
1. S9%+03 
2.52E+03 
4.00E+03 
6033E+03 
1 .OOE+04 
1. S99+04 
2.52E+04 
4oOOE+04 
6.33E+04 
1 .OOE*OS 
1. s9E+OS 
2 0 S2E+OS 

TABLE I (continued) 

Neutrons. MeV-I. cmv2. see-l 

Fe Soil 
1,. 37E-02 
l.O3E-02 
8.2OE-03 
6.63E-03 
S.O!tiE-03 
3.33E-03 
1.72E-03 
6.01E-04 
2.18E-04 
7.93E-OS 
2.88E-OS 
l.O4E-OS 
3.79E-06 
1.38E-06 
S.OOE-07 
1.81E-07 
6.59E-08 
2.39E-08 
8.68E-09 
3.1SE-09 
l.l4E-09 
4.lSE-10 
l.SlE-10 

4.78E-09 
3.42EyO9 
2.43E-09 
1073E-09 
1.24E-09 
9.07E-10 
6.87E-10 
1.63E-10 
4*36E-11 
1.17E-11 
3.13E-12 
8.37E- 13 
2.2hE-13 
6.01E-14 
1.61E-14 
4.31E- 15 
l.lSE-15 
3.09E-16 
8.29E- 17 
2.22E- 17 
S.95E- 18 
l.S9E-18 
4.27E- 19 
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TABLE II 

Flux to dose (rad/n/cm2) and flux to dose equivalent (rem/n lcm2) 

us neutron energy for normally incident flux. 

Eff ERGY CYEV ) 
1 ;OOE-07 
19 SSE-07 
2.51E-07 
3.98&-07 
6.31$-07 
1 .OOE-06 
l.s9;E-06 
2.SlEyO6 
3.98E-06 
6.31G06 
1*00Jz-OS 
1’. S9E-05 
2:SlE;OS 
3.98E-OS 
6.32E3-OS 
1 .OOE-04 
1 l 59E-04 
2eSlE-04 
3.99EA04 
6.320-04 
1 l OQEi03 
1 .S9E103 
2.52E-03 
3999E-03 
6.32E-03 
1 .OOE-02 
l.S9E-02 
2 l S2E-02* 
‘3.99E-02 
6.32E-02 
1 .OOE-0’1 
1 l 59E-B 1 
2052E-01 
3.*99E-0 1 
,6;32E-01 
1 .OOE+DO 
1:59E+DD 
2.52E+OD 
3t99E*OQ 
6033E+ 00 

KCD) 
3*69E-30 
3.84E-10 
4.01E-10 
4*18E- 10 
4. 36EL 10 
4*54E-10 
4074E-10 
4.94E-10 
S.lSE-10 
5.37E-10 
5*60E-10 
50849~ 10 
6.09E”lO 
6.35E-10 
6.62E110 
6.90E-10 
6.7SEAlO 
6.6lE-10 
6.47E-10 
6033E-10 
6.20E- 10 
6.07E-10 
S.94E- 10 
S.SlE-10 
S.74E-10 
S*.68E-10 
S.63E-10 
6.08E-10 
7.18E-10 
9.54E-10 
1.; 12E-09 
i l 40E-09 
1.72E-09 
2 l 20E- 09 
2’.70E-09 
3.78E-09 
4; i.OE-09 
4.SOE3-09 
S.30Ek09 
6.4.OG09 

KCDE) 
l.O6E-09 
l.o7E-09 
1; 09E-09 
l.llE-09 
l.l3E-09 
l.lSEi09 
1 l 18E-09 
1.20E--09 
1;22E-09 
1.24E-09 
1.26E3-09 
1.29E-09 
1.31E’09 
l’.33E3-09 
1;36E-09 
1~ 38E-09 
19 36E3-09 
1’. 34E-09 
1.33E-09 
1 e-3 lE-09 
1.29E-09 
1.27E-09 
1*26E-09 
1.24E-09 
1.39E-09 
1.7SE-09 
2.82E-09 
2.97E-09 
4.20E-09 
S.94EA09 
SiOOE-09 
l*ldE-os 
l~SSE’08 

.2’. 22Ei08 
3; 40EIOS 
3.60s;08 
3 l SOE”08 
3,70E-08 
3’. 9DE-08 
4: lOE-08 
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TABLE II (continued) 

ENERGY (MeV) K(D) K (DE) 
l.OOE+Ot, 
1.59E+Ol 
2.528+01 
3.99E+Ol 
6*33E+Ol 
l.OOE+02 
l.S9E+02 
2.52E+02 
3*99E+O2 
6.33E+Oi 
l.OOE+03 
l.S9E+03 
2.52E+O3 
4oOOE+03 
6.33E+O3 
l.OOE+04 
1*59E+04 
2'. 52E+04 
4900E+04 
6; 33E+04 
l.OOE+OS 
l.S9E+OS 
2.52E+OS 

7 .OOE-09 
8084s~09 
9.52E-09 
9.87E-09 
l.ooE-08 
1; IOE-08 
1.2SE-08 
1.6SE3-08 
2.2SE-08 
3.30E-08 
4020E-08 
5'. 70E-08 
siooe-08 
1*12E-07 
l.SOE-07 
2.lSE-07 
2~938-07 
4.00E-07 
S.SOE-07 
7;SOE-07 
l.OSE-06 
1.4SE-06 
2'.00E-06 

4.20E-08 
S.48E3-08 
7.2OE-08 
7.8OE-08 
S.SOE-08 
SOOOE-08 
5.24E-08 
s.s<oE-08 
6180E-08 
8.'50lp08 
l.lSE-07 
1‘.42E-0'7 
l;SOE-07 
2.'2SEL07 
2'.83E-07 
3iS3E3-07 
4.SOE-07 
S<6OE3-07 
7.10E-0’1’ 
S.GOE-07 
l'ollE~O6 
1.41E-06 
l.SOE-06 
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Figure 2 
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